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Abstract. The non-toxic compound dimethyl carbonate (DMC) can be used as a methylating and a 
methoxycarbonylating agent in place of methyl chloride and phosgene, respectively. We report here that 
DMC and other dialkyl carbonates (DAlkCs: dimethyl, diethyl and dibenzyl carbonates) allow very 
selective alkylations of a variety of CH ,-acidic compounds. Both arylacetonitriles and alkyl arylacetates 
react with DAlkCs to yield the mono-C-alkylated derivatives ( a-alkyl-a-arylacetonitriles and alkyl 
a-alkyl-a-arylacetates) with a selectivity of up to 99%, at complete conversion. Likewise, the mono-C- 
methylation by DMC proceeds selectively also on (ary1oxy)acetonitriles and methyl (ary1oxy)acetates. 
The reactions are carried out at temperature of 180-220°C in the presence of weak bases (usually 
K,CO,); under such conditions, DAlkCs efficiently replace the common and very toxic alkylating agents 
(dialkyl sulfates and alkyl halides). In addition to the high selectivity obtained and the intrinsic safety of 
the dialkyl carbonates, the reported reactions give rise to neither organic nor inorganic waste products. 
Introduction 
The direct monoalkylation of methylene-active compounds by 
common alkylating agents (alkyl halides and dialkyl sulfates) 
is generally not feasible as a one-step process because of the 
formation of sizable amounts of dialkyl derivatives', espe- 
cially when a reactive alkylating agent (e.g. methyl, ethyl, 
and benzyl halide) is involved2s3. Moreover, such an alkyla- 
tion is of considerable environmental concern, as not only are 
alkyl halides and dialkyl sulfates highly toxic reagents, but 
also a stoichiometric quantity of inorganic salt has to be 
disposed of as the reaction waste. Nevertheless, the reaction 
has been widely explored since it can yield products of 
interest. For example, 2-arylpropionitriles ArCH(CFI,)CN (1) 
and methyl 2-arylpropionates ArCH(CH,)COOCH, (2) (ob- 
tained by the methylation of arylacetonitriles and methyl 
arylacetates, respectively) are intermediates for the synthesis 
of 2-aryl ropionic acids, well-known as non-steroidal 
[ArOCH(CH,)X; X = CN (3); X = COOCH, (411 are precur- 
sors for both biolo ically active  derivative^'-^ and plant 
In that sense, the use of the non-toxic dialkyl carbonates 
[DAlkCs: dimethyl (DMC), diethyl (DEC), and dibenzyl 
(DBzlC) carbonates] as alkylating agents, is particularly prof- 
itable"a.b*'2. We report here that at high temperatures ( > 
18OoC), in the presence of a weak base (usually an alkaline 
carbonate), DAlkCs allow very selective batchwise and con- 
tinuous-flow monoalkylation of both aryl- and (ary1oxy)acetic 
acid derivatives where typical monoalkylation selectivities are 
up to 99%, at complete substrate conversion (Eqn. l)'3-'6. 
Besides the non-toxicity of DAlkCs, these alkylation reactions 
are intrinsically environmentally benign in character, since 
analgesics r . Likewise, 2-(aryloxy)propionic acid derivatives 
growth regulators'-' 0 . 
wastes are totally absent and the co-product alcohol can be 
recycled. 
YCH,X + ROCOOR YCH(R)X + ROH + CO, (1) 
Y = Ar, ArO; X = CN, COOR; R = CH,, CH,CH,, PhCH, 
Reactions of dialkyl carbonates (DAlkCs) 
Dimethyl carbonate (DMC), currently prepared by the oxida- 
tive carbonylation of methan~l '~ ,  is the simplest of the class 
of dialkyl carbonates. Its higher homologues can be synthe- 
sised by the transesterification of DMC with the appropriate 
alcohol (Eqn. 2)'67'83'9. 
DMC 
K RO H - 
Base RO OR 
In general, depending upon the reaction temperature, the 
reaction of DAlkCs with nucleophiles may follow two path- 
ways where the carbonates may behave as alkoxycarbonylat- 
ing or as alkylating agents. As an example, DMC is a 
methoxycarbonylating agent when used at its reflux tempera- 
ture (9O"C, Eqn. 3)"; while it becomes an excellent methylat- 
ing agent if high reaction temperature (2 160°C) are in- 
volved (Eqn. 4)"*'2,'4. Both the reactions occur in the pres- 
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Entry Substrate Catalytic Conversion Products 
bed (%I (% by GC) 
5% K,CO, 98 PhCH(CH3)CN (97) 
1 PhCH,CN Corundum 
5% PEG 6OOO 
2 4-'BuC,H4CH2CN 5% PEG 6tOO 95 4-'BuC,H,CH(CH,)CN (94) ' 
5% PEG 6000 46 PhNHCH, (41) 
4 PhOH 5% PEG 6000 100 PhOCH, (100) 
3 PhNH, K2C03 
Entry 
ence of bases: sodium alkoxides (Eqn. 3) and alkaline carbon- 
ates (Eqn. 4) are used. At high temperature, the alkylation 
reaction reaction prevails over the alkoxycarbonylation, the 
former not being an equilibrium reaction. 
Substrate 
(YCH2X) 
Base YH + CH,OCOOCH, - YCOOCH, + CH,OH (3) 
Alkylating 
Agent 
DMC 
DMC 
DMC 
DMC 
DMC 
DMC 
DMC 
DEC 
DEC 
DMC 
DMC 
DMC 
DMC 
DMC 
Base 
YH + CH,OCOOCH, - YCH, + CH,OH + CO, 
T 
("C) 
180 
180 
180 
180 
180 
220 
220 
180 
220 
190 
180 
190 
190 
190 
(4) 
Reaction 
time (h) 
3.75 
4.75 
7.5 
2.25 
8.0 
8.0 
6.0 
47.5 
14.3 
32.0 
41.0 
40.0 
70.0 
26.0 
The alkylations by dialkyl carbonates (DAlkCs) 
In the case of alkylations by the light DAlkCs (DMC and 
DEC; b.p. 90 and 128"C, respectively), the need for high 
reaction temperatures requires appropriate synthetic method- 
ologies for performing the reactions under both continuous- 
flow and batch conditions. 
Continuous-flow alkylations by DAlkCs are carried out using 
the GL-PTC (gas-liquid phase-transfer catalysis) 
technique".12*2'. In a typical configuration, a liquid mixture of 
the reagents is sent continuously to a simple cylindrical 
column (plug-flow reactor) fitted with a solid-supported 
phase-transfer (PT) catalyst and heated at the reaction temper- 
ature. The mixture vaporizes and the reaction occurs through 
a continuous transfer of both the reagents and the products 
between the gas and the liquid catalytic phases. Gaseous 
products are continuously collected at the outlet of the reactor 
by a condenser. 
Table I gives the results of some methylations by DMC 
performed under GL-PTC conditions. The catalytic beds con- 
Conversion Product 
(%) [Y CH(R)Xl 
.-  
Y X R 
100 Ph CN CH, 
99 4-MeOC6H, CN CH, 
99 2-MeC6H, CN CH 3 
100 4-CIC6 H, CN CH 3 
100 3-Me02CC,H, CN CH 3 
99 Ph COOMe CH, 
100 2-(6-MeOCl0H,) COOMe CH, 
99 Ph CN CH,CH, 
32 Ph COOEt CH,CH, 
100 PhO CN CH3 
100 4-CIC6H40 CN CH3 
99 PhO COOMe CH, 
100 4-MeC6H,0 COOMe CH, 
100 3-C1C,H4O COOMe CH, 
sist of polyethylene glycol (PEG) 6000 supported on corun- 
dum (a-AL,O,) with 5% of K,CO, as co-catalyst (entries 
1,2), or directly on granular K,CO, (entries 3,4). PEGs are 
the PT catalysts of choice"; they are environmentally desir- 
able because they are both non-toxic and In 
complexing alkaline-metal cations, PEGs increase the basic 
strength of alkaline carbonates at a point that anionic nucle- 
ophiles (conjugate bases of the substrates) are produced in the 
reaction environment and methylated by DMC (see Scheme 
1). The ori inated leaving group (methoxycarbonate anion, 
CH,OCOOf)) is not stable and rapidly decomposes into 
methanol and CO,; thus, the base can be used in catalytic 
amounts since the methoxide anion is regenerated. The meth- 
ylation of arylacetonitriles proceeds with a very high 
monoalkyl selectivity (99%) at complete conversion (entries 
1,2). In particular, the procedure is used in the synthesis of 
the 2-(4-isobutylphenyl)propionitrile (entry 2), whose hydrol- 
ysis affords 2-(4-isobutylphenyl)ro ionic acid (Ibuprofen), a 
Table I also shows that under GL-PTC conditions, DMC is an 
excellent N- and 0-methylating agent; aniline selectively 
affords its mono-N-methyl derivative (entry 3), while phenol 
yields anisole quantitatively (entry 4)11b,24. 
GL-PTC conditions can be efficiently applied for the alkyla- 
tion of compounds with a relatively high vapour pressure 
since they need to be vaporized into the reactor. Otherwise, 
high-temperature alkylations by light DAlkCs can also be run 
under batchwise conditions by reacting a mixture of the 
substrate, DAlkC and K,CO, (a 1/18/2 molar ratio is 
typically used) in a stainless-steel autoclave heated by an 
electric oven. The results for the alkylation of both arylace- 
tonitriles and alkyl arylacetates with DMC or DEC under such 
well-known anti-inflammatory drug P,b . 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Table II  Selective monoalkylation of methylene-active compounds YCH, X by dialkyl carbonates carried out under batchwise (autoclaue) conditions '. 
Y X 
Ph CN 
4-MeOC6H, CN 
2-MeC6H, CN 
4-CIC6 H, CN 
3-Me0,CC6H, CN 
Ph COOMe 
2-(6-MeOClOH,) COOMe 
Ph CN 
Ph COOEt 
PhO CN 
4-CIC,H40 CN 
PhO COOMe 
4-MeC6 H ,O COOMe 
3-CIC6H,O COOMe 
Yield 
(%) 
90 
88 
82 
89 
91 
80 
90 
97 
12 
62 
52 
80 
83 
82 
Entries 1-9 and 10-14: substrate, DAlkCs and K,CO, in a 1/18/2 and 1/30/2 molar ratio, respectively. Conversions determined by GC. 
Yields based on distilled (entries 1-6 and 10-14) or recrystallized (entry 7) products. Entry 8.9: GC-determined yields; in entry 9, other products were 
PhCH(COOEt), (2%) and PhC(EtXCOOEt), (18%). 
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Entry Substrate Solvent Reaction 
time (h) 
1 PhCH,CN DMF 6.0 
2 PhCH,COOCH,Ph DEF 4.5 
3 PhOH DMF 2.0 
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COOH COOH 
w C H 3  & \ /  H3 
\ \ 
CH3 
Ketoprofen Naproxen 
T Conversion Product (% yield) 
("C) (%) (R = CH,Ph) 
155 90 PhCH(R)CN (82) 
177 92 PhCH(R)COOCH , Ph (83) 
155 94 PhOR (80) 
Figure 1. The non-steroidal anti-inflammatory agents Ketoprofen and Naproxen. 
reaction conditions are reported in Table I1 (entriesl-9). 
According to Eqn. 1, at temperatures ranging from 180 to 
220°C, all the reactions give the corresponding monoalkyl 
derivatives [ArCH(R)CN and ArCH(R)COOR, res ectively; 
GL-F'TC reactions. This procedure can directly yield high-ad- 
ded value compounds as for examples, the 2-[3-(carbo- 
xymethy1)phenyllpropionitrile and the methyl 2-(6-methoxy- 
2-naphthy1)propionate (entries 5 and 7, Table 11) which are 
intermediates for the synthesis of the analgesics Ketoprofen 
and Naproxen, respectively (Figure 1). 
Table I1 shows also the results for the batchwise methylation 
of (ary1oxy)acetonitriles and methyl (ary1oxy)acetates by 
DMC; although these reactions generally require longer reac- 
tion times than those of the arylacetic-acid derivatives, they 
proceed with a comparably high monomethyl selectivity (en- 
tries 10-14)". However, in the case of (ary1oxy)acetonitriles 
(ArOCH,CN), the yields are lower (50-60%; entries 10,l l)  
because of the concomitant formation of the corresponding 
anisoles (ArOCH,). This is probably due to a nucleophilic 
displacement on the ArOCH,CN (b a nucleophile present in 
phenoxide leaving group (ArO?)) which rapidly reacts with 
DMC to yield the corresponding anisole through a BA12 
mechanism. 
All the reported reactions in Table I1 use DAlkCs in a large 
excess (20-30 molar with respect to the substrate), thus 
acting as the alkylating agents and the solvents. No improve- 
ments in the reaction rate are observed using apolar 
(cyclohexane), protic polar (methanol) or aprotic polar (DMF) 
compounds as solvents or co-solvents. 
These reactions produce no hazardous wastes. Conversely, 
from the alkylations with dialkyl sulfates or alkyl chlorides a 
base is consumed as a reagent and therefore, stoichiometric 
quantities of inorganic salts are produced; in the reactions of 
DAlkCs the base is catalytic since the acidity is removed as 
CO, which does not involve disposal problems. Moreover, 
the co-product alcohol can be easily recycled. 
At high temperatures (15O-18O0C), the dibenzyl carbonate 
(DBzlC) is also an efficient benzylating agent of both methy- 
lene-active compounds and phenol16, and the high boiling 
point of DBzlC (197"C/12 mm) allows the benzylations to be 
performed batchwise at atmospheric pressure. In a typical 
reaction, a mixture of the substrate, DBzlC and K,CO, [in a 
l/(l.l f 1.5)/2 molar ratio, respectively] reacts in a reflux- 
ing high-boiling solvent, the best solvents being N,N-di- 
methyl- and N,N-diethyl-formamides (DMF and DEF, respec- 
tively). Results are reported in Table 111. 
R = CH, and CH,CH,] with a selectivity > 99%' 9 .I4, as in 
the reaction mixture, i.e. CH O(-,  Y CO',2-), etc.) giving a 
Although the alkylations of methylene-active compounds by 
alkyl halides in the presence of K,CO, and DMF solvent 
have been extensively reported, a high monoalkyl selectivity 
is elusive when reactive halides (e.g. benzyl halides) are 
i n ~ o l v e d ~ ~ , ~ ~ .  Instead, the use of DBzlC as alkylating agent 
allows the benzylation of both phenylacetonitrile and benzyl 
phenylacetate to proceed with a monobenzyl selectivity of 
99% at complete conversion (entries 1,2). Also, O-benzyl- 
ation of phenol by DBzlC gives benzyl phenyl ether in a good 
yield (entry 3). 
As a general trend related to all the alkylations of CH,-acidic 
compounds by DAlkCs, it can be noted that aryl- and 
(ary1oxy)acetonitriles are alkylated more rapidly than the cor- 
responding esters, [alkyl-, aryl- and (aryloxy)acetates], these 
latter generally requiring higher reaction temperatures and/or 
longer reaction times (see Tables I1 and 111). An explanation is 
that the formation of the carbanion YCH(-)X is easier for 
nitriles (X = CN) than for esters (X = COOR), the former 
having a poor electron availability on the methylenic carbon 
which allow them to be both more acidic and electrophilic in 
character. 
Reaction mechanism 
The singular monoalkyl selectivity in the alkylation of methy- 
lene-active derivatives by DAlkCs has been explained through 
two consecutive and very selective reactions involving two 
reaction intermediates, namely an alkoxycarbonylated 
[YCH(COOR)X; R = Me, Et, Bzl] and an alkyl-alkoxycar- 
bonylated [YC(RXCOOR)X] species, both actually observed 
during the  reaction^'^-'^. Scheme 1 shows the proposed 
mechanism. 
According to a BAc2 mechanism, the first generated YCH(-)X 
anion reacts only with the acyl carbon of the DAlkC and not 
with the alkyl one, yielding the alkoxycarbonylated intermedi- 
ate YCH(CO0R)X. The corresponding anion, YC(-)(COOR)X, 
is then alkylated through its reaction with the alkyl carbon of 
the DAlkC, thus giving the alkyl-alkoxycarbonylated com- 
pound, YC(RXCOOR)X, via a BN2 mechanism. Finally, an 
equilibrium de-alkoxycarbonylation reaction affords the prod- 
uct YCH(R)X. In this case, the attack on the acyl carbon by 
the YC(-)(COOR)X anion producing the possible intermediate 
YC(COOR),X, does not effect the selectivity, this being an 
equilibrium reaction. 
The high selectivity obtained is actually a result of the double 
reactivity that DAlkCs may exhibit, acting firstly as alkoxy- 
Entries 1 and 3: substrate, DBzlC and K,CO, in a 1/1,1/2 molar ratio, respectively. Entry 2: substrate, DBzlC and K,CO, in a 1/1,5/2 molar ratio. 
Determined by GC. Yields based on isolated products. Starting from 2.5 g of substrate. Starting from 2.0 g of substrate. 
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=i YCHzX + ROCOOR 
COOR 
YC!HX + ROH 
R 
I 
ROCOOR + YCHX 
ROH 
R 
R O C O O R T  base 
Y = Ar, Aro; X = CN, COOR; 
R = CH3, CHzCH3, CHzPh 
R 
Scheme 1. The reaction mechanism for the mono-C-alkylations of methy- 
lene-actiue compounds by dialkyl carbonates. 
carbonylating and then as alkylating agents. The reason why 
the reaction involves alkoxycarbonylated intermediates, and 
not direct methylation, is as yet unclear. 
Conclusions 
The monoalkylation of methylene-active compounds with 
DAlkCs represents a new, environmentally benign reaction 
which involves the use of non-toxic alkylating agents 
(DAlkCs) in a waste-free process. The method opens new 
perspectives for the development of these intrinsically safer 
compounds, either as alkylating agents and/or as easily 
biodegradable solvents. Moreover, the procedure actually pre- 
vents pollution at source; in addition to the absence of both 
organic and inorganic wastes during alkylation, the new tech- 
nology for the DMC synthesis (Eqn. 1) also avoids chlori- 
nated intermediates; non-toxic waste disposal in the overall 
reaction is required and the process can be considered intrinsi- 
cally safe. 
Experimental 
General 
All compounds were ACS-grade and were employed without further 
purification. Melting points were determined on a Buchi 535 melting-point 
apparatus and are uncorrected. ’H-NMR spectra were recorded on a 
Varian spectrometer (400 MHz) using CDCI, with TMS as the internal 
standard. GC (gas chromatography) analyses were performed on a Varian 
GC 3300 using a fused-silica capillary column (30 m X 0.25 mm) with 
DB5 as liquid phase (film thickness 0.25 mm). GC/MS analyses were 
performed on a HP 5971 mass detector coupled to a HP 5890 gas 
chromatograph fitted with a 30 m X 0.25 mm DB5 capillary column. 
Reactions carried out under continuowflow conditions 
All reactions were carried out at atmospheric pressure and 180°C. In the 
case of methylations of arylacetonitriles by DMC (entries 1,2, Table I), 
the catalytic bed was obtained by dissolving PEG 6000 (5  g) and K,C03 
(5 g) in deionized water, and pouring the solution over corundum 
spheres (a-A1203, 90 3. The water was removed by rotary evaporation. 
After drying the coated spheres in an oven (130°C) overnight, they were 
fitted into a glass cylindrical reactor (20 X 3 cm; length X diameter). 
The liquid mixture of the reagents (8.0 ml/h; DMC and substrate in a 
4/1 molar ratio, respectively) was then introduced at the inlet of the 
reactor thermostatted at the reaction temperature, and products were 
recovered by simple condensation at the outlet. 
In the case of methylations of aniline and phenol (entries 3,4, Table I), 
the reactions proceeded according to the same procedure (flow rate 24 ml 
/h; DMC and substrate in a 4/1 molar ratio, respectively), but the 
catalytic bed was of PEG 6000 (5 g) directly supported on K2C0,  (95 9>. 
Reactions carried out in an autoclaue; general procedure 
All reactions were carried out by loading a mixture of the dialkyl 
carbonate (DMC or DEC), the substrate and the base (K,CO,) into a 
stainless-steel autoclave (internal volume 250 ml) in the reported molar 
ratio (see Table 11). The autoclave WAS equipped with a purging valve, 
through which, at room temperature, air was removed before each 
reaction by purging with a nitrogen stream. The autoclave was heated in 
an electrical oven to the desired temperature (180-220°C; the temperature 
was checked by a thermocouple dipped into the reaction mixture), while 
the reaction mixture was kept under magnetic stirring. A needle valve 
was fixed onto the autoclave head, and connected to a &inch stainless- 
steel suction pipe immersed into the reaction mixture, by which samples 
were extracted and analysed by GC during the course of the reactions. 
Under such conditions, autogenic pressure ranged from 6 to 20 bar. All 
the monoalkylated products were purified by distillation under reduced 
pressure, except for Naproxen (entry 7, Table 11) which was recrystal- 
lized. 
Benzylation reactions 
The reactions were performed at atmospheric pressure by loading a 
3-necked, round-bottomed Bask with the mixture of substrate, DBzlC, 
K,C03 and solvent (DMF or DEF) in the reported molar ratio (see Table 
111). The flask was equipped with a condenser, a cock and a glass 
screw-capped tube (fitted with a rubber silicon septum) used for sample 
withdrawal. Before heating, a nitrogen stream was flowed into the flask 
and kept for the whole course of the reaction. The reaction mixture was 
then magnetically stirred and heated in an oil bath to the desired 
temperature. After monobenzylations were completed, the co-product 
benzyl alcohol was distilled off under reduced pressure and the products 
purified by recrystallization (entries 1,3, Table 111) or gravity column 
chromatography (entry 2, Table 111). 
The purity of the products was checked by GC, GC/MS and NMR. The 
spectroscopic ( I  H-NMR and GC/MS spectra) and physical properties of 
all the monoalkylated derivatives have been already reported14 -I6. 
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